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ABEQLUTE INFRARED INYINSITY MEASUREMENTE FOR ch
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by .
A. Guttmsn

Danial and Tlozence Guggennsim Jet Propulsion Center
Ceailfornia Inatituis of Technology
Pasadans, California

A. INTRCDUCTION

The qualitativa {extures of the vibration-rotation bandsz of
aitrogen disxide and dinitrogen tetroxide in the infrared rsgion of the
spectrum havs heaa investigetsd by & nucnber of rasezrchers. (126}
Mast of the wozk in the past has bees concernad with information rs-
garding melecular siructure and interaction enevgy curves. Specival
locations of band centers and individual rotatiopal lines have basn
determined to a high degres of acquzacy s3d from thesz, estimnetss
bave besn mads of such quantitiza as molecular intezaction fozrces,
momaents of inextia, atomic epacs configurations, and moiscular sizas,

The oariliest infrsred work on gaseous NO, - 2§§ mixtures was
perfermed in 1909 by Warburg and L&ithsiutrm who observad two bands
Selaaging to NO, {3.43, 6.12)s) sxd one belenglng to N;O, (3.794 ),
kipre axtsnsive research on these gases was conductad during ths
following vear by Eva von B;hz{z} with studisy on the iafluence of
}bzeuaﬁaﬁaa witk & fozeign ia: {7} on the amount of shd;ﬁ:;;%lﬂz of
the same bands observad by Warburg and Leithauasy. Nitrogen dicxide
peassursr zsaged from 20 1o 56 mm, while oxygen pressurisation was
varied batwaen 30 mm svd ons atmonphere. For the 6.1.4 band, the
percentage of shaexption at 30 mm of ﬁég changad frem 28.8 ;zithcst
pressusization 1o 43. 4 8¢ one atmoephare of oxygen. Above this

pragsury, tha sbsorpiien remained nsarly constant. Similar rasulis,
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© gases, fn the far dnfrovd Z0-652)0 ) wers teported by Steong sad Woo

oda
though with & contevhat weskér prassurs depsndencs, ware found (or
$is 5.7-J4 bamdd of K;0,.
é&scﬁiﬁeﬁs §£ the ?@v‘z spactam, 23 well as thoss of other

(3)

in 1932, 55t no real offort was made te {dentifly the varicus bando.

The first extansive investigaiion of tho infrarsd spectrum of the
xoz‘szci systews &t varicus temperatures was psrformed by Suther-
1and‘¥ 12 1933. Eleven of the twelve fundamaentals of dinitrogen
tetroxids were idantified along with thres comblastion bands. Ia addition,
geven nitrogen dioxids bands wers zeporisd, Further ctudies on these
gaces ware performed in 1933 by Balley and C.‘Zu:ie{"’ ! who obtained the
MN-O force constant, deformaticn constaxnt, and moment of incziia. Ia
thes same yoar, &&ﬁhﬁ{é} reported aight absorption bands in the
gaseous stats and two in the liguid state. He separated ths baads be-
longing to NO, {rom thosas beionging to 1%’334 by the ususl techulque of
besting the gas 10 150°C where most of the gas dacomposes to NO, {ses
Zection Cj. L

Dsno of tis most complates sirly studles of both gasea was raportal
By Harris and Xingi?} in 1734. These autkors were the firs! o give an

-1

upper limit estimate of 0. 0003 cm -;tm’i for th2 abaorption cosificiant

in the infrazed region below 2 microns. Absérption :;xsegx_mbﬁfsa ¢na
and four microns were lavestigatad thorcughly st room temprraters and
at 180°C. .The NO; banda wern identiflad 24 combination bands of two
fusdamentals while the N O, dands wers interpreted av combinations aad
harmonics of knewa lundamensale. The bands cbsarved by thase suthoes

were compardd with ithore noted previously by other werkers.

! il
s o iy

[ N — Y




oty O N, A

[ p " i
[ i o " e
ek D e [, Tk ) vw‘w*ﬁ!

W
’

i
W

BledEt el

i)

ey

SR A

=
)

=

3.

In more recent studies, refinements wers introduced by using
{sotopic specias and supsrior instruments, Masrew} in 1753 observed
nine combination bands and overtonss bslonging to R@;sﬂsh sufficiently
kigh resolving power to yisld the rotational flae structure, Soms of his
rasults are presented in Table I, Good agresment concerning the

M*E}‘i bands in the near infrared is found between ths

locations of the ﬂz
results obtained by Snyder and Hizateuns!? in 1957 and by Begum and
Fletchergm} in 1950, Salected results from Begum and Fletcher are also
cited in Table 1. An infrared absorption spactrum of the gasecus mix-~

turs containing NOZ- and N,0 i is reproduced in Fig, 1.
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Wave number {em '}

Fig. l. Spsctrum of gaseous Rﬁz- ZQ 4 mixtures at pressures of

approxdmately 40 cm and 2 cm of Hg, at 23°C in a 16-cm
pysex call {from Ref. 9).

Tlore i3 a definite ncs?fgr Information en abzalué? ini‘s;itit; of
I{EQE and h‘§$4 bands in coansciion with studiss on radiznt-hez: transfer
ard conceantration anaiysis. in particular, thare is considerabls intersst

in atenospheric tranamission of radiant energy. In adcition to Cﬁg and

H,0Q, under certain conditions {s.g., after a nuclear bomb blast] there

"w Jr———"
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may 4lao ba significant amounts of NO, In the stuwosphere. Quantitative
infosnation in the foxem of specical absesption confficiants and intsgrated
fatenaitics Ia eszential for tais typs of study. A cunsidersble numbser of
axparirx;sn%ai reaulis a;e‘ availabls for CO, and some for Hzi}. To the
authos's knowladge, no atudies of a quantitative paturs on !402 aad ‘-.'§304
have appeared in the opan literatu:-s. Theca is alas continuing funda-
montal isterost In absoluts intevsity data slrce they may be ussd to
sstimate the rals of change of dipole mocent with {utarnuclear separation.
In our expericents, intagvatad intsnsities were obtained for ons
fcadamentxzl and one conbinatisn band of %zcz. and for three fonda-
mentals aod four combinaiion bands of gaseous N,0,; intsgrated in-
tenszitiss were also measurad for the four combinatior bands of B%zﬁ 4
in the liquid pkase. The work was performed in the spactral region
tetwesn one and 15 microna. Intensities for I‘%ZS 4 moisculas in tha liquid
and gas phases wer2 compared and found {c be nearly aqual for three of the
four bands studied. From the temperatere depéndsnce of absorsption in
the region of the EGE sad ﬁ;G " bands, the hezt of disscclation for the
reaction ﬂzai—‘b 20O, wzs calculated anid found tc agreaa satisfactorsily

4
with pravious msasurementz Sased on other techniques

B. EXPERIMENTAL METHOD

{. Definitions

For & gas at thermal squllibrium,. a spect:al wbsorption
cosflicient F_ is dellasd such that the amitted radiaucy, in the wave

number range bolwsen w and w + du, from the centar of ths bass of 5
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ksmisphere of vadius 1 . filied with Jsotheormal gae at pressure .

R du « gioag;} P pl% (1

whsre F.: reprzeenis the blackbody radisncy at the wave numder w in

any convenient set of ugits, aad pf, is krown 2 the optical depth. It is

convenient to express prassurs in atravagheris and the geometric length
-1

in cantimeters, tius leaving ¥ _in ths unita atm'l-cm .

The factor in brackeis on the right-hacd sids of Eq. tl} is
kaown as the (hemispaerical] spectral emissivity &, 3, at therosl
equilibrium, is equal to the spectra! abacrptivity. The spectral flux
density Ia incident on a columa of gas of leagth £ at the presaurs p will
be attenuatsd by a factor expi-P _p{} in passing thruugh the gas.

For a liquid absorber it ie convenien? to define & linear absorpiion

cosfficient through Bear's law,

1
—I;?-‘- = expl-x 1), {2)
o
whevre ] and 1% refer to the transmitted and incident spectral flux

densities, raspuciively, and J 1z the geometric jength of the sbsorbing
-

path; k  is now expressed ia cm .

We dafias ino integrated iatensity o fin cm'gd!m'ih for a band

located betweon the wave numbsca w and u,, by

cx[ P de {3)

L ot
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for the yas phana; for tha Iquid phase we dafine the integrated intenaity

a' ({in cmd% similarly an

(8]

y ..
a'x f kudu . (4)

“

Becanse of inatrumental limitations, it is not genarally poasible to
pesforia experimeatal measurements without slit distortions We defire
an instrumental slit fuaction g !w-m’ l,b‘,c‘} for the effective spectral
width of the exit alit betwsen w-Aw* and wtAw*, Here w represents the
actual setting of the inatrument while b' and ¢' are parameters dependant
upon the slit geometry. The slit function gives the fraction of energy at
the wave number w' to which tha detector responds when the instrument
is set at w. The apparent spectral {lux density I:, sensed by tha instru-

ment when it is set at w iz then

WO
- f 1,0 8¢]weor| b ende, (5)
w-du*

wheze the normalizatica condition

wtdAw?®
gl ‘w‘w‘ ‘.b'.c”;dw' =]
w=Auw? e s

holde, Representative slit functions aie txianguiarx for prism instruments

and Gauasian for grating instruments.




2. The Wilson. Walla-Panany«Webse (W P} Muthod Z

Exparirasntal data from a ssrias of abrorption apectra were
interpreted in acsordanzi~dth N ""‘;.3-3'? - tiad as Sr R Sret By Pomner: ),

Briafly, the method entails ths smearing out of the rolational {ine
structure of a vibration-rotation baand by means of sufficient pressure
broadsning to yield a lins half-width which ls coasiderably greater than
the spacing between lines. This may bs accomplished either by main.
taining a sufficiently high prassuro of the absorbing gas (self broadening)
or slse by pressurizing with a foreign, non-absorbing gas (foreign-gas
broadening). With the fine structurs smeared out ia this manner, itis
no longer necassary to resolve details of an Individual rotaticnal lins and
hence cne may use ralatively low-resolution instruments for making
Quantitative measursments,

The integrated intensily is obtained by deflning a quantity £ wbich’
squals the integral of the natural logarithm of the ratio of incident
apparent spectral flux density !:' 2 to the transmitted apparent spectral
flux deasity 1': and then determining the slops of a plot showing B as a
function of the optical depth X = pia .

Using previousiy specified notation,

- widu -
“ ey f2 15 gt|u-ut b i
a.f In(‘;_ )du':f fucal® e ldu. ()
o | ! “ I l“. P ;«;-u'l.b‘.t’:’*}du'
|, w-dwt o

Since 1, = I:, onpi-P . X.. it folluws, il the incident spect=al flux density

—
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I:v ia constsnt ovar the wave aurabe It val batresn w-Ow® and wHdn®, §§
‘ that 4
. - . o o uit i, ¢ ’ - k
“2 wagi P, .ex’:z gl Ju-w ! St
W=t o ' )
ls-’ ' é-' ﬁn Mﬁmr ;dw {73 ; :
{ i
bt [ &( ;e:v—m' }. b, ' dw i
=B
. A i
and i
¢ 3 i
whdw?® 3 ;
w, j P“, {rprP”.X}J gl iu-w'% b, e )idw!
A
g. - f Jusdu ) deos (s)
widw?
4 {exp(-?ﬁ,){i] gl ! w-w‘l b ehdw' i
wedw? ‘
b y H
. At this point we inivoduce the requirement that the fine strurture of the .
band is sufficiently smeared out to pexmit P, to be conpidared constant »
over the wave number range of the affectivo slit width 28«%, With this
assumption, it is eadily soen thit the tarms of Eq. (6) containiag the
slit function cancel out and that
by ]
8+ Pausa (9
w -
) i
Equation (9) ia the desizsd .elation which has been unel in intarpreting
the expe rimeontal resuits, :
{ o

‘w
i
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€. PROPERTIES OF NO, AN 11,0,
Below -10°C, dinitrogen totrozide nxlats as a crystatiine solid,
while from -10 to 2i: 54°C and at one atmesphare of pressuco it 18 & )
nearly colorlans Hiquid Carelul meaauremenia of vapor pressutrs 38 8
function of tempurature have bean published praviouslyﬁz' il snd
selected results are raproduced ia Fig. 2. 'l'hasg mesauzemeanis wers
conducted in a stainless steel c2ll immsrsad in an iaothermal bath. A
specially.designed preasure sonsor was ussd. Vapor pressures wers
obtained at intarvals of approxiizaisiy 30°F with a precision of hettar
than one percent,
Becauss of its relatively high Loiling point, N2°4 may be excluded

{rom portions of the gas-handling systsm quite effsctively with a liquid-

nitrogen trap.
In the gasaous state, nilrogaa dioxida and diaitrogen tetroxide

axiat in chemical equitibriun according to the relation

amsmanls

Extenpive rneasuramants of the equilihrium consiant Kp at temperatures
ranging from 261,92 to 403.93°K ware performed by Bodenstein and

Bah;t 143 relevant data for Kp ars plotted as a function of tenperature
in Fig. 3. At voom tsmparature and one atmosphere pieasuse the

fraction of N, O, decomposed is 0,31,
The decompasition of Nzﬂ‘ procoada at a very tapid rate.

Carrington and Dnhhasﬂ&? eatimatied the disrociation rate constant to

be k, 10!é 2%pl~1l, 000/RT) asc D inthe presencs of a foreign gas (N,) !

L

-

v«4!‘\1"*\|||r:v..gmu“p";;i‘um e




tia

30

20-—-\

10~

Pv {atm:,

i's -

" 1 i l i — \J

p : 2.6 2.8 3.0 3.2 3.4

(VOO R

+ x10° (oY

Fig. 2. Tha vapor pressuse of nitrogen dloxide zs a function of
I temperature ({rom Ref, 13).
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at prassutes counlderably higher than one atinuspheze. Undar thise
coaditions, cheacal wguiithclum is attained in times of the order of
microsse oﬁo‘n .

Above 400°K, NO, diassciatas exteasively into NO and 3. in orderx
to aveld tals ducomporition. w« have not pexformed any experimasts at
tamperxatures abuve sbout 400VK

4
Giauque and Kcmp‘!&)

ropoaad ihe following equation of state,
which they found compatible vith the data presentad by Bodensiein and

Bols (14}

where they assumed

B = 28 =B (it)
N?.Oi NO,
and, uxing Bacthelot's equation of siate, found
204 |
p « ~0,. 01 -T- * ﬁl}

Associated with the gas miuture containing NO 2 and HZO A isa
charactecistic brown colos which becomes desper as tha temperature is
raised, This color results from continuum absorption in the visible
region of the spactrum by NO;’. Dinitrogen tstioxide is transpavent in
ths visible region. As tha tsmperatuse in rained, the squilibrium com-
position shifts towavd N'Oz, resulting in despening of the Brown celoe,
Similay results occur as a rosult of shifts in equilibrium compesition
with total pressuve. in preliminacy studias, we utilized tho visible
absorption of Nﬁl‘ fur the puxposse of gae analysia with photseloctric
recosding of the abaorption {eve Sectica E).

-
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Nitrogsn dioxide {3 highly raactive with many subsiaaces snd is
wxtremely toxic. Exposuse of the gas to small traces of moisturs will
tsault in the formation of niteir acid with subsaqueant carrosion of ex-
posed metais. Rubber gaskets and O-rings are attacked, as are also
most organic greases used for sexling purposes. Work done in the past
was conducted entirvly with glass apparatus {n ordec (o eliminate soms
of the corrosion problsms Thes experiments reported in the following
ssctions were conducted at pressures which are oo high for the uss of

glass appazatus and hence metalilc contalners bad to be used.

D. EXPERIMENTAL APPARATUS®

1. Optical System
Aa overail view of ths axpa:iraental apparatus appears in Fig. 4.

Situsted at the left of thu figuve is the control board on which is mounted
ths pressure gage us2d for meassring gas pressure in the absorption
ceil. Also mounted on this boazd are a thermocouple selsctor, the main
switch box for the slectric furnace, fuses, and an ammetar for measur-
ing the current through the beating coils. The ammmeter and voltmater
for the light source are mountecd on the tsble at the extrame left; also
located on this tatle are a thermostatic control unit and a thermocouple
potentiometar. Ths 2-ft diameter by S-ft long vacuum tank, which may
be seen at the conter of the photograph, containe the absorption cell, light

source, machaaical chapper, and associated optics. Directly in {ront

rﬁ- apparatus used in the pressnt studies Is A modified version of
squipmant first asssmbled by D. Weber and subsequently improved
by U. P. Gppanhainm.
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Fig. 4. Overall view of the apparatus; the vacuum tank in the center
contains the absorption cell and light source with associated
optics. .

Fig. 5. Internal view of the vacuum tank; ithe cocling colle seen at the
tei:aurtiisigmad the slectric furnace whick containe the absorp-
on ceil,
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of tho tank ix located & Pu.kin:Eliner Model Y3 spaetsvautor with &
13.cycle amplitior. A Lneds and Moxthrup Ypeedvmax Type G recorder
. is_szen to tha ght of tae srectrametar.

Figure 5 depicts ths jntovnal components of the vacuum lank,
while Fig. 6 shows a schernatic dlagram of the equipmont. Light from
a giobar scurce, after being chopped by a 13<cycle choppur and
collimated by a epherical mirrvor {!ﬁi‘} ix passed through the absorption
cell located in an elaciric furnace, and thon deflected by a plane mirror
{Mz} ontd an off-aris paiabolic mivroz {M3} whick focuses the bsam on
the entvasnce slit of the infrazed spectrometer. The light beam leavss the
vacuum tank through & 2-inch diamstar by 1/4-iach thick sodium
chlioride window. .

As infrarved light source we uaed a water-cocled globar which
coasists of a silicon carbide rad sevaral centimetsrs long and about é
mm in diameter, It is very nearly a greybody with an criissivity of
abott 0.892 In the regicn from i.5t0 18 micms;t“} it is electrically
heated in air with a cuzrent of about 5 a.aps to a maximum tempetrature
of 1400°K. At 14007X, the peak smitted radlsint ene:gy lies near 2
microns. Heating of the globar to higher temperaturas will cauns 2x-
cesslve oxidation of ths silicen carbide and evaporation cf the bindiag
material The relatively law-uscful oparating tempervatureof the globar
ie its chief disadvantags, For stable radiation output, the giodbaz re-
Auives & welieragulated current. When thae voltage wae provided through
A vaslac witien recalved {ts luput {rons & Sola constant-velitage trans-
ferser, the zadiation aulput vasied in an lrregular maaner. Qgod

stability wae sktained when a number of 18-2% Amperits hallani lubea

nllsind
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was put in saring ¥ith the gloLa. {wee Fig. Ti. Taer ballxet tubas kepl

the current constant avor a wids range of taput voltager A vaciable
shust ac1042 ths globar was uscd to change the Source temperature. Che
total curreat was Iirpd conatant while the globar currsnt was sst at say
desizable leval.

The radiant flux was modulated at 13 cycleas/sacond with & standard
Parkia-Elmsr chopps=. The chopper assembly with its rectifying
cortacts was placed in the vacuum tank at a3 short distance from the light
source. A shutier, which was opsrated from outsids the vacuum
chamber, could be raised into the beam in a position betwean the light
sousce ard the chopper.

Alter Lispersing the light by maans of a lithium fluoride {LiF)
priem, it was recelved by a thermocouple dulecter located {n the
spectromsetcr, and the resulting electrical signal was amplified by a
13-cycle, Perkin-Elmer model I3 amplifiar which was electrically
coupled with the rectilying points of the light chopper to prevent ampli-
fication of any light other than that waich passed through the chopper.

Standard proceduses wars uasd io calibiate the moaochromator
with: the LiF prism. Ia addition tg known atmospheric sbsorption lines,
we utyd some CC rotational lin2s noar 4.5 microns. The vesulting plot
of izetrament drum reading against wavelength is showa inrFig: 8.

W Zsliflar ouktpul was recorded on logarithmic chart ;:psr Ne.

%73 avgplied by Tochaicnl Charsts Incorporatel. The lakor of data re- .

rusica wan therady conslderably raduced.
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2. Tonpurature Meadutoumnt and Contsol

: The abaorption call vas slivated 1n a clonely (itting electric

|

| fusnace of cylindrical shape which was 61 em long, 7 6 ¢m in dlameter
ard wound wath 20 gauge nicheuias wire. The furnace was surrounded by

a cylindrical shield of zirconiun: oxide which was provided with & water-

" coaled jacket. A maximum current of 10 amps wau pasased thcugh the
heating cuils {xrom a 220-volt A.C, source controlled by a variac. The
wail temperaturs of the absorption call waa monitored by two chromel-

alumel thermocouglas waich wure firinly secured to ths cell wall by

spring clamps (see Fig. 10) o= by a bolt and washer. The output of one
thermocouple was fed into a Leeds and Northrup Sperdomax Type H
temporature coatrol unit which controlled the main heating circuit and

provided a contincous temperature record. The othar thermocouple was

used to obtain mors accurate readings of teamperature from a Leeds and
Northrup No. 8657-C Doublz Range Potentioraster Indicator. With a
capabllity of reading thormocouple output to .0l mV, tempearstures

were obtained with an accuracy of & 0.1°C. The actual gas tempezsture,

however, was not established to this accuracy, since conditions could not
be maintained absolutely constant during the 20 minutes that it took to
scen the apectrum. Bacause the cell was situated in & vacuum and the
tomperat res involved wers reiativeiy low, the heat lassas to the sur-
roundings ware quite smaill and the tempsratura could bfj;g};glmd
constant vAthia 2 0, 3°C during any glven rua, This result was establisked
by continuvus monitoring with the potentiometsr. 1sothermal conditione

wore very nearly malntained {n the cell becauss of the very lavge vatio

, of thermal coaductivity inalde the cell walls to that of the surroundings
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3. Cias and Liquid 3upply and Haundling

For solf-broadening rxpariments, cowinercial grade NO, with
a mintmum purity of 9% was ohtainad frem tho Matheson Company and
uged without iuréhur pux;i[ic'atlo:xs. An examination of the infrared
spectrum indicated no significant impuritiss, It should ba noted that
impurities such as homonuclez diatomic molscules (e.g.. M,, O,) are
infraved-inactivs and would not produce {mpurity absorption. The
commercial cylinder used contained 10 pounds of liquid NZO .

Foreign-gas broadening was accomplished with an NO,-argon
mixture containing about L. 5% NOZ and supplisd by the Matheson Company.
The argon in this mixture had a nominal purity of 99.998%.

The infraved cell with asaociated app'ara.tus used for self-broadening
experiments is {lluntrated in Fig, 9 and shewn schematicaily in Fig. 10.
In order to minimize chamical attack, all metallic parts wers made of
stainless steel and teflon O-rings werc uiacd for ssals. The cell was
designed to accommodate spacers ranging in thickness from 0,001 inch
to several inches. One-inch diameter by 1/4-inch thick sapphirce {512033
windows were used for the speciral rogion {rom ona to five microns, The
needle valve at the left of Fig. 10 served to intrsducs liquid Nzo‘ into
the base of the annular space surrounding the windows (see {illing detaiis
balow}. At a given tompurature, the previously measured vapor pressure
{see Fig. Z) was uiilizad, and the optical depth was varisd by introducing
a nories of apacors of varylng ihickaess, With ths liquid-vapar eguiii«

brivm thus ustablished, problems of sucface adsocption wave completely

silminated.
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Cusizeg thee aavly pnete of the mopas e saia §U way nnepected that.

ST R el Ui al v sy the onedn g atl, o ol U nilght entur the spacs

- - . . = .3
e cithe o e fora ef avaall deoplels o as a thin

- ze s ? . : . H
autface il The tiquld would pr odaea ranch gerite s shao ption by tihs

cation of dats by Mqaid {H,0,. w3 placed the Wlquid in a chamber separated
ftom the weaia rell by a coil of 1/4-{ach tubing filled with tightly-packed
glans weol and a tefion plug with a pinhole at itz renter faze Fig. 10).
This devica secved to prevont any liquid N,0, fxom sutering into the
abio:ptica cell whiln purmitting the vapor to pass. A check of the porous
filter with about 39 atra of nit:ogoa 2% one end showed a vary substantial
pressure drop acrazs the filise, thus making it sppes s valikaly that any
liquid could pass under the conditions encountered in the expaviments.
Compariron of gasesur absorptioz speciaa wilth the liquid in the twe
altezaate positious showed ao significont AUfiarencey.

The nesdle valve at the vight of Fig. 10 served to {solate the lquid
resarvoir for purpoaes of changiag the spars~ ia the nbscrption eall,
Two thermocouples were flzmly attached to the liquid reservoir by msans
of np~ing clamps scldared to the wall,

Preliminary studics invelving fornigu.gas v.ooudening weve per-
formed in the coll abown in Fig. Ul. Thin cell had a (ixed Llength and way
derigned with two idsas in mind, namely, to assure pressyrs tightansa
aud minimize sclective au.facs adeorption  Both of thasy fagicrs would

lead 1o erzare in the 2eaumed cuncontrations of Nﬁz dazing tha course of
& wwa.  The ameunt of adsovption depends 1nsa tly on the aurfacs ares
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Fig. 1l. Cross-sscilonal view of the ialrared ceil asssambly used to !
ot ain foreign-gas breadening (drawn ta double scale), # !
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wapassd to the gas. We have thevefore trind to minimise the internal

surface xoos by slimtinating al! unaecessary spacers (nalds the cell.

~fastand, the O-ring shouldars wers used directly for spacing tke one-inch

ciametar by 1/4-Inch thick sapphire windows at » diatancs of 3.81 em
apart. Chemical atisck of the walis was minimized by the use of 304
stainless stsal and teflon O-ringe. Guas leakage was prevented by the
use of doubls O-ring seuln, one on each side of the window. The call
waz founs to hold 300 pal of gas fovr over a waek with no detectable.
préssure losa. Selactive surface adsorption was, howsver, found to be
excessive (see Section Zi.

Evacuation of the system was accomplished with a CEC Type
MCF-£0 oil diffusion purap backed up by a Kinney Model KC.8 mechanicsl
pump 23 shown in Fig. 12. Gases coataining NO, were first paseed
through a liquid-nitrogen trap to avaid contaminztion of ths pump oil.
The pressure was read on a CEC Pirarnl vacuum gage with 0-2000 and

C-50 micron scales. The entire gas-handling system could be evacuated

2

te lasa than 10”3 mm of prassure, with a leak rate of about 10°" mm/

minute. The taak coutaining the opticsl aystam was svacustad to a
pressuve of 50 x 1”3 min with a nsyligible leak rate. In additioa, the
tank was fluched saveral times with H. P, dry aitrogen in order to
cilmiaate the infrared-activelinpurities in the relatively long {several
iatarz} geornatric path teagth of the light beam. Cuiside the taak, ths
sptical path wae also pu "jed of undesived beapurities by coatinuous
tlushing with dry nitrsgen of tha monochremator and of a shart tube

ledding from the rmonochromator allt (o the sxit windew of the tank.
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Standard 304 stainiess stesl, 1/4-inch tublag #ith fiaee (ittings

L "o
o e O it S x.m...nnh‘.mwﬁW»‘Mn[WﬂWhﬂm 7: of st

=

was utllised for all lines carrying nitrogen dioxids; fov vacuum finas 1.

used standazd 1/2-inch cappar tubing wit. b war soff-soldered at &ll

joints  Sialoless stael Clrcle Scal plug vaives viere found to be Dest

seited for systams subjacted 2o both bigh pressuvs and vacuzm. Whore

metezing or throitliag oi the gas was requirad, standard nasdls valves

h
o

wary Ussd.
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Liguid Hzﬁ‘ was irapsfecred {rom a commercial cyiiadar to the

abdsorption cell 1vservoir by gravity feed. Wo lound condensaiion

(LR

techaiques to be much too slow aad inefficisar in transferring several
grams of N’zﬂf even when the condensing surface was at dry-ice
temperatures. The filling arzasgement is shown in Fig. 12. The liquid
N;O, cylinder wae positioned, with it3 valve pointiag toward the ground,
. at ihe highest peint In the systam while the abaorplion cell was attached

tc the systam in such & manner that the liquid resesvoir would occupy

the lowes: point. The entirs eystem up to the main cylindar valve was
then syacuated tc ieas than 15'3 men of Hg. Witk the vacuum-valve shut,
330‘ was forced into the cell by gravily until tae liquid level could be
seon through the cell windows. Exceso ligquid was pumped cut to clear
the window acea. The veoll was then lociatnd by means of & noedle valve
and removed from the {illing position. Csii waights ware measured
bafora and after filling to determine the quantity of iiquid iransfezred.

E. PRELIMINARY STUDIKS
Initial expariments ware performad with foreign-gas broadsaning,

N P P O S T PP AN

uging argen a3 & presaurizing sgezi. The opticsl dopth wax variad by

. O, R <SR P Y 9
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changing the NO, -N,Q, cuncantcation in gas mixturse at total piegsures

of abaut 30 atm.

It wag hopwd that salsctive sucfuce adsorgtion wruld be unimportant.

For analytical purpozes. we designed asd constructed u doublec-beam,
photoeluctric gas analyser in ozder to measure NO, concsntrations of
gas samples dravn frem the mzin apparatus befors ard .iter e2ch Tun.
Ths instrument ‘vas similar to a single-bearn duvice dessribed previously
by Smita, 19

Figuves 13 and 14 illustrate the gas analyzer. The light source
consisted of an air-cooled, 500 watt, tungsten-filament, G.E. prejector
lamp. masked of{ to approximats a point souzce. After passing the light
through a 2.45-mm Coraing glass filter {No. 3387), it was split into two
beams by a plans mirror (M;). One of these bsams was deflected by
sxothe> plane mizror (M, to a collimating lens {L,). The beam diametsr
way then adjusted to that of the absorptiion tube by an iris-shutter
ansembly tokex froms & camera. The glass absorption tubes were 56.§
cm long between the inside edges of the pyrex windows, which wers
ceomanted to the tubes with Epibcad zesin. The light beam emerging
from the sbacxption tube was condensed by the lens L, xud thea deflncted
with a plane mir ‘br (M,) sata 4 IP37 phatetube whoes oulput was rezd
on a Simpaon VIVM {use Fig. 1¥ for clrcult disgram). The other beam
followed a paralisl paih.

The aaalyzar was capikie of measaring partisl prasures of NO, -
N0, mixtures at reem temperature down to pressuzas of several
millimeters of mercury. With & tefal preassure of about ous atmasphers
in the sbaccption tube, It wad pusaible to analyse concentrations of iens

‘tan 8. 1%.
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- -Fig. 13. Schematic dlagram of ths double-baam, photeelsctric gase
asalyser {or messuring m; concontrations; Ul, Hz, 3
plane mirrors; L;: collimating lens; L;: condensing iens.

Fig: 14, Iaternal view of the gas ansiyser showing abacrpiion tubes
and optical path,
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The phototube lnrs. ity wes chacked by roading succeasivaly guch
beam intenally separatsly ‘tals was aceomnpliabod by using the shuitar
arvangruemt), tisn sauparismaceing hoth beanis o dhe semn poriion of
the photolube plats, amd flaally making another reading of the inteasity.
In particular, ths intensity of each of the bsams was adjusied with the
irisss to read 0.5 volts; with hoth shittevs open, tbe rrading ablained
was 3 995 volts, which is 0 ST off ilusarity

We calidrated tho insteumert by two diffezent procedures. One
mathod involved a volumetric chamical analy2is performad oa mixture
samples draws from the standacd NC.-asgon mixture; in the other
method we messured the p:essurns of puva %z-—‘izei samples with a
dibuty] pbthslate manemeter. Ths ciiibration cusve provided ue with a
plot of the pertial prassu-es of %ﬂz-ﬁzﬁi mixtures as & fuaction of the
perceatage of tranamission through the gas in the tube,

A reries of experimanta was parformed at room tamperature
utilising this mothod of gas analysis baforo and after each rus. Un-
fortunately, we found that the NO, concantrations at the end of & Tua
weare conriderably lowor than the iaitial concentrations, iadicating signifi-
cant adsorption ducing the course of the experiment. For example,
during one test, the percentage of transmission changsd from 2a Inttial

m—value-of-24% to a-fiwal Value 61 35%, Which corresponds to an apparent
deécroass in the partial pressurs in the sample gas from i!; ;c 9 mm at
a total prrssure of 730 mm. Thus variations of appraximately 3 factor
of 2 accurred In the gas composition duting & given rua. integrated

intensitiss obtained by this procedure, utilixing only ths final analysis
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of asch test, diifered (rom "best entiinates’’ {s~s balow! by cpproxi-

caately a {actor of twn.

F. UPERATING PROCEDUTE FURSELE - ROAUEN NG EXPERIMENTS
1. An appropriate spaczr was selezted and the abrorption cell

assembled and peassure testsd win: about 30 atm of N, for approximately

24 hrs. Tha empty c#il was then welghad.

2. L!wid'ﬁz*‘.‘)‘ was aduiitted to the cell. Cslculations showed
that approximately Z gramse was sufficient io yield the intend2d highest
vapor presasure {19. & stm) without consuming &il of the liquid in the cell

resarvoir.
3. The call was vext isolated and removed fsom the fililng

station, and, after weighing, was placed at the center of the electric
furnace in s position such that the light beam couvld pass through the
coll windows. Thsrmocouples were attached with apring ;:iaﬂua.

4. Aftsr aligning the mirrors, the vacuum tank was closed and
evacuated to about 50 x 10”2 mm, flushed with K. P. dry nitrogen, and
reavacusted.” The spectsum of the light source was recorded and con~
tinuously examined in the vegion of atmospheric absorption. The 2.7
microa band of H,0 and the 4.3 micron band of CO, were gradually
tiimiaited as the optical path was purged of H,G and CO,. raspectivsly.

%&ig S

5 With the shutte: ﬁacci in the light path, the smpliliar was

adjusted to give zerc reading on the recorder.

6. The monochromator slit width, amplifier gain and responss,
sud light source intensity were next adjusted 1o the dusicsd lavel.

7. The coll was than heated (5 the desired tempurature. In

additicn to ths autamatic control {n the aystam, we found it necessary to

"y
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uas nsnnai adjnatment o the heating current in order to m«intain

aca -1y coustant scaparciusrs Juriag a ron.
The | snamiscion spacirum was atomatically acanned and

-

E
vazo:ded. Duriag thy 20 minutes of chis c:xsaflon, we moni: >rad the
adiasiments.

cell temnparature constantly und made approprizie
*z was vajsed to 2

9. Leaving the ceil unchangad, the tompsra

naw level and alep 8 repeoatad.
16 After completing a scries of runs 2t diffe_sat tempercatuses,

the cell was removed from the furnace and purgad of all ﬁﬂ asé N z *‘

11. The ontire procedurs was repeatad [or vavicus spacers.
G. DISCUSSION OF RESULTS AND SOURCES OF ERBOR
1. Qualitative Analysis of Spectrum

A representative -ecocvd of the absorption spocirum ol & gas

mixture containisg Sﬂz and N,O & in the near infrarsd is reproducad

in Fig. 15. The tsmperaturs was 80%C wich a carresponding vapor

prassure of 10.3 atm; a spacer of 0.124 cm thickness was used. Five

distinct bands are clearly idertifiadis, two of which everlap parstislly.
Siace both !'392 and gigi have bands in this ragicn of the apecirum,

ths gqucstion arizes how the observed bands a-e to be astigned to the

proper gas componenrt. This problem may e resolved readily by

raising the temperature of a gxs sample to about 150 °c -::i'zg mont uf
the gas Pay disssclaled into NG,; consequently, the N,O més dia-

appear while ibe NO, k.nds appear stronger. in thia masusr, one may

identily the 2308 cm”? band as belongiag to NO,, while all of the vther

Lands shown in Fig 13 balong o N,O,. Rninpence to Table | shows

1

4
i
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that our obeas sed baa! conters agrae quiti well with those rasasured

1

hy othe » tuvsatigatora. ‘Lha vandom diffvrene. 3 of fess than 12 em

ady 00 wtecsiraedt i tha tinrted spectras cesoliiiun of app.oximataly

o

5 cm'l obiainable with our appa-atur  However, the wave atmnbsr
diffe.ences hetwowia gaseour and liquid N 204 bard cunteare agree to
within 2 cm"l with previously patlished esiimatea For the quantitativa
work ranorted heiy, we are not acitally comcerned with Yand locadens
sxcept in #0 {ar 25 thay sarve to identify the vibratjonsl meodes.

The occurreacs of alight overlapping betwewn bands {NO, at

1 and N £O4 at 2962 cm"l) di4 not intreducs serious ercorn

2908 cm”
since less than 5% of the ateaw under the logd:ﬂu} curvge corrsspend 3
to overlapping regions. We tried to rezcive thes- two bands graphicaily
by using an ocbvioua plotiing procedure on the original records. This
method gave an astimated erro- in the quantity §3 of less than one per-
cent as estadlished by applying varylng dogrros of aziistie skill to the
problem and compariag the resulting values of 5.

Twa weak impurity band« appeased in tho specrtrum  Onrs may be
seen {n ¥ig. 15 just to the shurt-wave number side of, and partly over-
lapping with, the 2908 cm”! band of NO,; the othes band overlups with
tae R-branch of the same band Theses small dipa were prosent even
whan the absorption eell was cen;pietelv removed {xom tioptcﬁ path.
The strengths of the dips wexe found to ba independent of tha amount ef
strwapheric gae in the path  Tha undesiced dip in the P-branch wae
again corvected fe;: graphically; the effect of the other dip is diccussed

La Paxt 2b below.
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The auapas of all § v+ corablaltion bands af ve.ious optlcel depths
and tomperatuzes sve shown in Fige. 25 to 54 of Appsadlz [, where e
émw*piotéaé-iagw:f}:‘ ';’i’}}% a-a fmetton of ave sumber. -Aseuming..
{24t the rotational {ine sfcuctuce has been complotely smeared out by
pressure booadsning. the ordinates of thsze cu-ven are equal to P X/2.303.
The P- and R-branchbas ate cl2arly noilceadble in the 2508 cm'x
band of NO, and the 2618 cm ™! band of M,0,. although tas latiav has ite

P-brsach considerably supprassad (see Fig. 1)

&. Cusantitative Analysiz of Bande

s. Gas Comparition
Because of tha relazively high vapor pressures used in tie ox-

perviments up to 19.8 atra), csal-gas ef{fscts must ba consideral in
caleslating the squilib:ium composition of gaszous NO, and N, 0. The
toRal pressnie in sach cases was assumed 10 be the equilibrium rapos
presaurs it the msosursd lsvipetature.

A general expeession £ the agquillbzium coastant at any pressure
Ba2 beon shown'!Y g ne

d?] F e {13;

i T U e ,Y?"av RT
b i il [ [ e ¥

. :
whare ﬁ,, reflezd ta the squilibrium conmrant at 2ero p-sasure. V 12 the

§as volume, o, is tha eteirMometric cosfliciont of th- ith species, and
the sther symbela havs their enal mraning

U we lat the pubocipt | cafnr to NQ, and the subecrint 3 0 NG,
thaw e 3 awd v« -t Trom Eqv {(10% and 4t 4t intlows that

L A1 8 A e o i«




. . . and

1§l

av i i, .
r T sme 1} {}p
"2 }p’x'n P

Substiiuting thess valations into Bq. \13) gives
4

P

or

K e
p° p

lating ths equilibi:ium compeosition.

defiuing the dacompasad {raction as

P
NO,
| 4

L -

whenece

a
K’« -+ -

sy

P, Ti. (sre Fig. ).

LR T

2 o

K
. ) BT JRrlo . [[RL _RT
Qngf- wr .).I[p +§ Ry % ja;: I[p + BRT P}dp

P'oi

J

For ike quantity p. we used the proviously m~aanred vapo. prassute

It is thus appacent that, mssuming the validity of the =quations of state

vesent-d by Giavque and Kemp, resl-za3 affects cancel out in calsu-
p s l -3

The actual computations of partial prossures were psriormed by

(4}




H
H
H
1

L B oetiu aie of futation 3 Llae Spacing

Se-naps of (he linsde] 3per =t ressiurion ! our fnstrament 8 =
wan butpstalble ¢ L emarzavg, ¥ ottt L e g Tal ol 2giationsl | a0

of tha MO, and ?‘fto‘; olaun'es  Tlogxosns and dan saake 4 eciude

4
estimnate of the spas lag {com a hnowlcdge of the v>ve namber irtacval
hatween 12¢ maxima of ine Pe nd f-branchas ol & 3and nr by the us2
of tae eifective band widin at & konows 1 omperatuse
Leat Ou be the maasursd wave aumber intazval hetwran ths
maxima of the P- and R-"eanches of a band. For diatomic or vpherical
top polyatomic molecuies, the value for the rotational quanturns aumde”
J=1] * at which the initial tiower; state population is & maximum is,
spprocimataly, 1/2
+ _{ &t 1 ‘

J - (zm:-) ] ‘18)
‘Che pesk ol the R-braach corresnada o ths votational transitios
:’--M"#L while {o- the P-Branch it colacides with the frequescy for
the traneition I’--";J'-l. These iranasitions. superinpossd oa the
vidration. transilioa, co respond to wive rumbsrs {os the manima of
the P- ard R-branches «:

* ’
L 83-23?3

. 28 (15
va aa-f ‘{ ¢1},

resyectively, whoie u rafars to the vav: nutabisr of the pure vibralionasl

transition Thus

* % »
S Gy Wp ¢ 5;%5 ¥4 RLY




Coabluing Foqa 19) sud 00, gives s destvad velatim, vis.,
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To test the valldity of B¢  1¢  w» apply it (o the fuadaioental band
of HEL a. wbuwt $C6%K hare Aw was found' ©¥ to bs app. oximately
140 ﬂﬁ'l Usinz tiesm ~aunlts. Fa 7170 yislds 3 valus for 3 of 11.7
cm'i, whereas the exact value is knewn to be 10 59 et The dis-
crepamey in B_ 1 asults crem the faet that we havs naglscted vibration-
retativa intevactions and that both branches of tha band display rather
flat maxima, ard honce dw ¢ wnol 2o oblainzd with graat accuzacy.
Applyiag Sq i7) te the 2308 cm”' baad of NO,, for waich the
meazered valuo of O is abuut 29 ::m'I at 298°K, we find the rtational
constant fur NO, to be «bout G 24 cm!. which gives an approximate

line spacing of 9.48 gm's Effca.—afj‘ found the rolutionsl constant

B -042940.002cm andR -8 576246 05 cm™!  The dis.
crepancy betweaa ont otdimate and the valus obtained Ivom the rasults
of Maore are not surprising in viaw of ths fact thai the NO, rmnlecule is
wot x sphecical top as was aseumaed in the darivation of Eq. {17). The
actual Line npacing fo- nn asymmatrical milagule is probably imalles

thax that predicled by Kq. (AT}
To cssimate the ling spacing of the HZO& melecals, *ii:;::iéar

the effective band width at 3 known tamparature.  An approximaty

relatirn for tha slinciive band widih Qw' {2 givan in Eq (11-25) of Rel.

i1, vis. .
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the 3i20 rm'} Lanil of giaznus

The aeasured offzoiive Lot wids for

a.. . g -1 . . T

- ?‘32'734 at 2537 ia syposcuraiciy 70 e which vislds an selir2isa - -
. . ‘i

valux for thi- rolational conutani of 8 17 v and a voorasponding tlino

spaciag of 0 34 et

Resgults fov other polyitomic molecules te-g.. (}'0‘% indizate that
avéer of © 5 cm”l will give sfiectively cornplete

a2 line spacing of thz c
Itis

cverlapping at total prezeursz of cna {0 three atmosphe-2s
therefore veassuable (0 assume that, at the ioial pressures encsunterad
in gur experiments {3 to 20 atw’, the rotztional fine siructuie was

sufiicienily smeaz2d out t0 yizld smooth functisna for the speciral

absorpiion co=ificients of the varicus bands

c. Integrated Intensitiss
Measurements wure periormad in the temperature racgs batween
50 and 100°C a2 10 dagi»e intervals. Tae optical dapih wvas varicd by
introducing a series of five apacersz in the absorption cell, giving
geometric path lungths of 0.0394. 6.0495. 0. G745. ©.106, and 8.124 em,
In Figs- 16 to 20 we bave plotted the measur-d quantily f3 asr a
function of spacsr thi-kamss at various tempsaraturaes sad corvesponding
vapor pressures. The ;&mrﬂetm K,\ war obtalasd by guphicas in:tgratmn
ol the {unction logf l°' A “i. which was taken irom the or%;r.al records.
Noa 2igrificant daviatlon from lincarity is obasrved In these curves. Lenat.
squate fity to the etposimental polnts ave alvo shown in Figs. 16 to 20
Most of the cuzves covreapanding to the N O‘ bands pasa through the
Davidtions from the arigly scamitovary ina

ovigin or cloas to it

random anner fo. theae banda  tha curves cgrevegpanding to the
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2908 ¢m”! band af MO ,» howsvar, ciislay n sysizumtic deviailen fzom

zbinately 4 em™),

1ode
(AL

i

the oiigin  All fiva curvas intarcept tha ocdinats at Appro

i

which squals vary noarly tha maasurcd auastity 83 for ths impuzity
absorption colncidlag wiin s R-oranciy ol tais baxl, Since the smount -
of absorptisn produced by ths imparity was indapandent of th= optical -
dapth of NO,. the alopes af ths & vs. X coxves wers net affected snd
should yield teus valuss for intsgrated iniensit‘{'a

Intagrated intensity estimates for one NG, and four N; 0, combé-
ration bands are summarized ia Tabls 2 and their tempsrature depend-
ancs ie shown ia Fig. 21. Tas linzar doitad curves wera fitlad to the ex-
perimental poists by assuming that the iutensities 2re inversely propor-
tional to the abassluts temperature. It is seen that tha resclts show very

nesrly a }/T dspendance {ox tha tempszzlurs range usder consideraiion.

3. Composition Error Analysis

A major sourcs of zandom erroc3 -asulls from uacsriainties in
the determication of parilal pressures. Tho peramater that Hmits our

experimental pracision is the temperaturs, sincs it {s tis only

messurad guaniity.
For a guantitative detarminatioa of ths expect2d scatter in partial

pressures as obtalinad from the msasured tamparatures, we begia vith

Eq. (14}, From this relation it follows that e

¥ The question of the orizin of small deviations of D from xare at sero
optical depth kas beea discuszssd sxtenzively in connaction with early

studies of absolute intensily measuraments. In most of the published papers,
deviations larger than thoss natsd in Figs. 17 to 20 have been observad.
Furthermore, theas daviations ars nol usually accountad ior as satis-
factorily as they ars in }‘it, 16 by tas presencze of Linpurity absciption

bands ix the gas, It is wall kaows to warkars in ths fleld that smali
devistions of the axirapolated cutvees from the origin, whather ikay ara pro-
duced by an imparfect optical systsm involving some scatterad light or by
othar sifectn do not influsnce sigailicantiy the mmasurad values of the

siopes a = d B/dX, ‘
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and

From our definition of ...

Pno .  @? and

2 AP A
taus
d .
-—ZP—N—-OL. - 44.5 +.d.2
Pnoz a P
and
dp
N9 _au.a L gp
P i-a [
N,04

Substituting Eqs. {18} ard {19, {oto Eqs. (23] and {21,

yielda
dp
NO, (‘ )QEJ.Z‘.:E)dK_
PNOz Z-a1p |é-a o
and
dp .
el 3:". \éﬁ-(ze._) e

respactively,

From the data p saented in Figs. 2 and 3, we find, for the

tempersture range encountared in ous experiments.

dK
1 P o~ a 'lz
.g.; I =0 046 K ¢

1

¢4}

{21}

(22;

(23)

L

' 1
P «u»ﬁn»wlu»»‘»ﬁnwwwr‘

W
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g\
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T, umwvumw»»MMm&M"

e ][';ll"’u

S coemwr
2 =08
fin e we have wtitizad the cxparimental voudition thet 7 a tolal press. e
P corrssponde to the vapar presan v p_ at a particul ¢~ ccrapeaturs
With an experimenial acatte~ iy tomparature of + 0 59K we thus fhd
aK

'K"E’ o 20023 and SR a0 018
» P

vihers wa have approximated diffs ~ential quantities by {inite differences.
Substituting these numerical valuer into Eqs ‘22. and 123 gives

dp
MO at 0 020

]

dp
N:% & 0 0lé

Pu_io 4

Hence, we conclude that ths scattec in pactial pressuzes, resulting

from inaccuracies ia tempavature measvcament 6f £ 0 5°i<, is x2.0%

for NO‘; and & 1. % for NgOé.

4. Light Scattering in ths Ipact:omater
Shert-wavelength scattaring in tha spectromater car be 2 source

of serious error. The following precedurn was used to demenatrats

that light scattering in the Instramaent wan not a serious source of exror.

A glass plate of 0.2 inch thickness was inasrted in the light path to the

spectromatear The glass was (ound to transmit about 86% at wave.
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ivngtha Lelow 4.3/1 . At longer wavelengths. the cocorder indicated that
a very praall enurgy flux ahout %) ceached the deloctor We next

! suparimposad on 1ne giass 4an mnicvleraace tiiter which was cemplately
cpaque to viaihls light up to 1 714 and trznarmitied about 95% abova this
wavelsugth Above £.84 . the reco-der again indicated the same flux
on the detactor as was found with the glase alone Since in the last case
all short wavelsngti radiation below 1 74 hiad baen olisalnat>d, the
chserved flux must have beon cither scattered light at wavelongths
graater than 1. 711 or else a cmell amoun: of tranamission through the
glass at 3 wavalength corresponding to the inetrument setting, As light
source ws used a Nernst glower which operates at 1906°K; at 1960°K,
the peak amitisd ensrgy lies near 1 5) . Honce, 'with the intarfarence
filter in the light path, the ensrgy peak and light of all wavelengths
bslow it svers eliminated from the spectromeler. The small flux on the
detector, therefore, is probably dua f{o tranemission through the glass

at a wavelength correspoading to the insirvument wetting

H QUAMTITATIVE STUDIES ON LIQUID NzO 4 BANDS

1. Expevrimenial Appaxatua

The optical aystem used for measuring liquid NzO 4 absorption
wao identical with that dsscribed in Saction D. The absorption cell shown
in Fig, 10 was now completely {illed with liguid N, O, Extrams care

was sxercised to eliminate ail bubbles {roin the space betwesn the win-

dows, as this would introduce scrlous errava into the interpratation of

axperimental results,

!
}
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Spectza wers obtals ad with twe apacses in the call correspandiag
to uptical path loagthe of 2 017 and 0.060508 cn The use of these thin
;p;c: :8 required measur smants of actnal spacing bacwaan the windeve
whan the call was subject1d 1o inleenal pregsures cozrespording to
thoss encountered in the sxpeiiments. The actual window spacing urder
setessure may rhange as i result of twe possible causes: ‘s) with the
windows supported on the periphery by O-rings, bulging out of the
canter poxiions may be o’ significance; (b) ths supporting O-rirgs them-
sslves may be. sufficient!; comperassed to increase thz spacing appre-
ciabily. The céfoct of these factora at various pressures was determined
with the aid of a dial gage indicsior capable of measuring diffarences in
poritior. as small as 0.0C0l inch. Ths gage was {ixed to the cell body in
sach & way that the moving rod was in contact with ind nermal to the
cutsids suzface of a windsw. We ware thus able to read th;s outward
deflection of ths window « anter a» a function ¢f pressuze Rssults in-
dicated no dstectable deflaction up to a pressurs of 25 atm. At 37 atm,
the deflection for one wirdow was 0. 0013 cm, which cor-esponds te
50% incresse in window separation for the 0. 60508 cm apacer. We may
conciude from these rasults that the actual spacing betwesn windows
during the experiments (:t a maximum pressure of 19- 3 atm) corresponded

NSRS
to the apacer thickness.

2. Results

Transamission spectra were abtained in the tempersture range

fram 25 to 100°C at intevvals of approximatsly 20 degaes. Final rs-

o 1 bt

sults are based on nwasi.rements with the 000308 cii spacer. For the

olp ot i
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G 0I27 cm spacor, the liguld was opaqus in the <sglon of the stesnger

i

bands lowawer, resulia for the weakaat band 3429 con” '} followad

- S Ger='s law acenrdiag te which the quantity £ s direcily avepuriioaation- -~
the optical peth lenugth goee Egqa (2) and! 63] Foar the ratio of path
tengthe £,/ 4 -2 5 we found B,/(3, 10 by 2 46, 2.52, and 2.48 at
tempacatures of 25. 40, and 60°C, reapactively Assuming that Baer's
law is valid, we may consider these reaulta to provide an additional
check on the actual window spacing
Spectral adso:sptivn ce *fficienls for four !iqnld-N204 combination
bands at vadous tempecatuzes ace plotted in Figs. 55 to 58 of Appendix
1 All bands are shifted by 6 to 17 em™ toward the lowe: {requencies

{see Table 1) relative to the bande obaerved for the gus.

integrated iotensity eatimates are summarized in Table 3 and

plotied, per unit mass donsity, 3a a function of tempevaturse in Figz. 22.
We conclude from the obse-ved zesults that the integrated intenaity perx
unit mase deasity is approximately conatant over the indicated tempera-

ture vangs

I. COMPARJSON OF INTEGRATED INTENSITIES FOR N,0, IN THE
GASEOUS AND 1iQUiD STATES

Rsfevance to Tadie ! shows that the shifts in band locations in

——r -

going (rom the gaseous to the liquid atate are of the order of 10 cm™,

A o aisens dunbisralibatbichnob A i

’_mm

These vesuits suggest that the wave functions correepunding to the upper
and lower vibrational stztes are not greatly changed in going from zha,
vapor to the liguid phase. Ono might therafore expact the vibratlonal

matrix elemants fo> the N a°4 mclscule to be appruximatsly squal
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in the liquid and gae phiases Tha integrated intennity is disectly pea-
1 :iivnal to the square of the raatrix element Hencr tha intensitics
ot Hguld ail gaswous "Z 4 biaseahwoid s approxiimstely equal. tf
sxp.resaad in the name units

In Table 4 we corupare the intograted intensities exprasssd paz
unit mass dansity. for ihe grseoue and liquid states of N 0 Gocd
sgreement in iutensitizs in noted foz th> 2618, 2962, and W0 cm 1
bands. with the pevcentsge diffacrncen at the three temparatizes being
less than 16% For thres of the four bands studied, the integrated in-
tensity in the liquid phess is large= then ia the vapor phaas The sedkest
Uand (3442 em i shows o pazcentage diffarence betwsen the istesities
of the gasrous and lquid states of about 50K It shouid perhaps be noted
that the absolute accuravy of intensity measuremernts is usually amallest
for the weakest bands ‘cempace Figs. 17 to 20; it is not clear that any

particular physicel aignificancs. in te -m=s of liquid structure, may e

atached to the observod results

3 DETERMINAT.OR OF aH®? FOR THE REACTION N zO‘w——INQz
FROM INFRARED MEASUREMENTS

Cur of the mocn int-resting applications of sxpe imsntal iafrased
measusemients on systems in chomird aqumb'mm in the dete mination
of equilibrium constants axd chemical hoats of reaction. 69!!::1
techniques would be particularly useful on compllicated systams con -
taining more than two species, fo- it is velatively vasy to fullow the

coacentraticns of each speacies by monituring the abeo -ption in the seglon

T "
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o e v b tagiC virad a8 eiai103 hael a particiiy- we siiall

i mons! Ale thy feaecatinly of this Fes haiads by spplstrg it to the pyoten

!4y, AN,
- i -

for which we Bave msasu ed trfre.ad 1bse-pif « 1ata es 4 fun tan of
tsmpitats ¢ With aultablle issomntions  these tneasgreronls yield

the vatiarion of the equili srium conel «ni with tempetature {rom witr b
>+ obtain the heat of 7210 oa &7 4 aliould B+ aotcd thet, in gider to
olitain thane results if is no! peconsary to know the absolute: valucs for
the integrated inteasitive A knowledge of thsi - te.nperatuse dependence

*

is sufficiant
Lot us assume that o the -esulizx presented 12 Figs lo to 20.
the total presvates wers .ufficiently high io sa.ea - cut the rotational
fine structure compictely Then, by £Eq "9 . provided adequate broadea-

ing has been obtasned

and -

waere & and 8 vefar to any given band of NO, and:e-similar
NO, NO 2 2
notativa ls used f(or sto‘ Now we assume that the intagratad intensities
vaty luverarly with the absoluts temparature an wssumption which is
well Justified fu: the relatively small trmpecatuse ange under con-

side.atlon isee Fig 21" Thus -




T
-2
“‘rsn_‘ "¢:=‘.‘E‘{Jz it

ard 25,
‘Tﬁ
‘”"’-f “a NO, T

ilr - 2,1 the valu- of th: 1stagatad intsasity <t the temparatuce T a

Subettrating Boue 29 ings Eqe 24 ylelds

Emzr
PNo, %% NO, ‘ot
and
ﬁxo
P¥.0, Tm

wiich whes substituted inte the s-iation for checoical equilibrium gives

x ('&R‘G‘ \?930‘7 ) 2.
T -
‘ﬁ,ﬁﬁztc!'f R‘O‘

e (acto> in Ui firnt set of parentheers of Eq 26 is & coustan! in-
dnpendoat of temperaty ¢
" Refa snce te Eq .£6: shows that In arder 1o obtata sbeolute valurs
for the equilibrium conminl it [+ mecosaxry to know the abaoluta in-
tennitien a8 an Arbitrs y tempr-stars T far one band of NO, aad on- (4
N,O,. Auselute intennities inr NO, may be obtriamt by astablishing a
suffici-atly Bigh tampe- sli- o to yrold & condition of usarly «onplets

dimjio- iafina. thus making the toial poresdce appruvimately ajual te e
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vite tha <ty atedd vapo:

po.sbal P orasers o [, Mpic. . ansioly
ortbons of snr epe Lneate lia poacede ¢ oould 2aqul - the fia - of
atremely Biph 7 1p9r 9 =rures, and was tharefo se not feanlbla #ith
‘ho tvazlible cquipment 1T ts b dly fsasible to obian pure 51‘04 at

craps sably high pressuces gesats - than ona atm; in the vepo: phas:

Jowever. om iy catitate absalnte sntengilies fo N_,.G‘ {_otu the
‘tquid phisw ros Tuhls = Gt o the tntennttins £3 two banda 3t any
iebitracy tecaperatu.. 3-n 4vt=.mincd, thermoshemicsl data such as
AF° and AS® may b computed from specirascupic measuremanta by
the use =f Eq “2Z0)

The squilibrium cosatant for 2 re actinn at ronstant pregsare and
tempe ratire c.an be expressed in te-rms of the diffe wnce between the

stardird free vre 128 of the p oducts and ~eactarta AFY joe .

SF°
K’ : exp{- -%T)

from which it can 2asily be shown B 2% iy
4 isx AN®
—_ = 21,
)

which is kaown 18 vaa { Holl's esustica  The quantity aH® represcats
the dilference 1n sathalpy between the products and craclants sygluaied
At 8 presss re of onr Atmouspherz ind af the tropsatucn T.

Combiniag Eys 23: aud {27, givan

BNn0
cae L ol 128)
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i 24 wne Bave plotied the Gucctlon appeacing 0B the lelt<h..nd
vide of B *28t fos 4 3pare - thi~loese ol O W4 em Ve aeed the 2503
em  bang of NO, ia curmaction with the th.»e st:ougest banis of N,O0,
in 1 cegien fram b tae 3 microns  Cu--ectioas 9 & rade fo- ths
tmpurity bund cuinciding with the 2963 em ! baad o NO, by asubtvacting

3 7 rm-i

from cach measused value for ﬁmz ‘sse Fig 36.

The exprrimental points shawn ia Fig. 23 yii1d nicsly linsar plots.
1adic sting that AR® in nea. iy consiant in ihe specified temperalure range
cast-squace fits yield values fo. AH® of 13 070 12,980, and 13.160
- al/tmols N,O 1 for the cuives cosvesponding o the 2618 2962, ani
120 cn”! bands of N,O,. reapectively. Thus. we oblain & cwan valu~ of
13,070 & 90 cal/tmote N,O " whith inin good agre~men with the va.ue at
298°K of 13. 693 & 14 ral/ mole N O} reported by Glaugue 308 Kemp. 16)

The prec=ding v~3sulte p:ovide an important rheck oa the sl

cameinicncy of our absoluic infrared inlenal:y measurements

K INTESRATED NTENS T-ES FGR FUNDAMENTAL BANDS OF
GASEOQUS MO, AND N,0, IN THE 5 7O 15\t REG:ON
i ice
For the aprctral *+gion from 3 to 15 mic~ous, we yacd silve:
chleride ; AgCl) windows in the aberorptica cell A S-mm Axli wlrdow
tranamits akout §0 parceat in the reglon from 4 :a ICH (2é: Silvsr

chio-ide was chosen grisnrily for ifs snaimonce tn rnemics: stixck &y

pitrogra éiﬁiﬁéﬁﬁg“ anaitho s Lmpu. 1838 cuaddderation wae the {ar 1 thal it

'
o

1w
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Fig 23 Plota uted for detorinining AH" for the yeaction N,0O, -

ZNO.,. fzom sxpotimental valucs of the parameters §3  The
three curves woro obiained using ths atrongost N‘,.O“ handa
in the ragion from L to 5 microns
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Ay

fven not cleave vastly -« docw madbitmn chio -tde, wnd hecce will noi
crack upon belng prevsnd ayainat tha cell apacer (voe Iug. 1D

We nged 3 rocks o1t {(MaCl: prinmn far studlos above 5L ; sodiu 2
shltetde {s 7000 ly opagus abuve 1541 Stardard proceduras viers udtliced
‘o ubtain a wavelength callbration of the spuectromater Atwnosphexic
and polystyrene bands gavs calibvation poinis up to about 104 . In
addition. knova linne belunging to the 950 «m”' fundamental band of NH,
ware used Foo the vegion near 15t , we used ihe 668 em”! fundamantal
of CO y

Thu spactrometar slit width was varizd in such a manner that the

sesolution for the entire spactral rangs waw between 5 and 10 cm'l.

2. Rasuits
rprainiind - SV ——

Since the conditions for complate averlapping of the rotational
lines had been studied sxtensively for the work in the nea infraced
vegion 2l to S5/4 . we asrumod that it waz not nacessary to plot the
parameter £ as a function of uptic al depth fo- the fundamertals in the
5to IS region Measusements were raade at 25°C corresponding to
A vepor pressure of 1.18 atm. This preasure should be sufficlently high
ta amear out the rotational fine structure, particularly since we are
dealing with ve~y strong bands Only one spacer {0 049‘5; cm thick) was b

used. Integrated intensitirs were obtained for on+ NO, and three N,O,

fundamental bamle, which are the strongest bands in the region from 8 =
to 154 .
Light seattaring {n the spect-cmater was measured and corrvectod
fur in the following manner. If the r.ptical depth (s made sullicinatiy high.
i
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the g .o oscames poaclically oftepi s i the rapion ul the atsougent

absuvgiion of banls ac Jg Db Lhis canditien iy be detestod

J - ~.'\ — A — R

1 f ‘ -~--\\ "—7’?-¢.-
roeditered 3 Y / <earrscted

- light - \_./ for scat! r-
\ s ing
1
wIT —=
[ a b
Fig 24. Efle:t of scatt=ved light on an abrortion band
) ~asily hy noting that the teansmitted radiancy is constant foc a wide

g_eﬂCO.s

wavenumber range near the band center, as lu Fig 2400
if the trans:mitted radiancy in not sez0 the 2Bse~svad flux must be

scattered light Corrections for scattecing may ba made by simply
increasing the optical depth, without sltering the light intensity, slit

width and amplifier gain. and then subtriciing the acattered light from

the tranemission spectrum, es in Fig. £4b) This pracedure is easily

B accomplished In aui expe -iinental satup. since the opticel depth may be
raised by raising tho coll temperature, theteby inc roasing the vepor

- pressure in this manner, we made currections {or scattering near tha

150 cm”! tundancntal of N Oy The acattercd tight ia the vicinity of

thio band was found to be About 3% of the incident light and about 30% of

the t ranamittod light at the band maximum. In the vicinlty of the othee

! ' Ganda. acattored lighe wia (ounl to be negliytlily strong
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i cuapes of the forn Lo dament 4 bands v e ahown in Fige 50 ¢y 62
i Apprenddin L wae .o we huave pioteod lag 2% 1w o functton of

t : 10w 9
whaste Bt r Pl - atwgles fod tine interratad (ntenritisr s are

p.exepted in Table 5

Table 5  Integreted Intensiti-s ai 25%C fue i sty vngeat fundamental
buands of NO, -t N,0, in the ape. tral cegion from 5 to 18

microns ¢ ¢4
‘ Moleculs Band center Integ-ated inteusity

. -l '4 'l\
wmo) cem  -atm )

NOa 1617 2059

N,0 4 1748 2940

N,O < 1200 1803

N zO . 750 1104

L. SPECTRAL AND TOTAL EM.35-VITY ESTIMATES FOR NOZ
Radiant enncgy amirsion from the atmosphe ~e of the easth is an
impoetant problem that is beiag studied aciivaly by » number of ine-
vestigatos. For exampir. the emission from OH in th> upper atmos-
phere has been estimated both expmimnhu{”' ard theovetically. ‘24.25:
The spacies NO& in alrd believed 10 be pras~nt in tic upper atmonpheres,
nithuugh nu unambiguous spectrorcopic detaction hase bmeg; m&d; »0 far

In this connection, quantitative values of apecicsl absorption coofliclents

ior NO 2 from laboratory supa<iments are of conmida-able inteeast Theae

data zhould facilitate estiniatue of the countribution bv NO, to the "night
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P ape el mdadivay PGl 1o gae woth oute L) depti !4 ‘e
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Lated to ths sbasept-on . oefle b= by
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'n Figs 2% to 30 and Fig 59, we have ploit d log, z::-‘ﬁz is fot the
atrongewt bands of NQZ iv the -egion from 1 {5 15,  The ordinates f
thssn cui'ves ropreascat Pwpélz 303 siace we hava shown that, during
the sxperiments, the rotatisnal line stvucturs was completely smeared
out .se2 Saction G. Part 2bH: For tasmpe:atures other than taone for
which measucements ace available it 14 a eimpl: matter to estimate
tae appropriate value of the spect~il absorpiton coefficients provided
tae rotatiunal fins struclure is agtia ameared out. Ve would expect
that this conditten is satisfied, in good appruximation. for toral pressures
greator than aboat one atmosphe:e in the t=mapoTatu # range in which NO,
and NZO PRI stable

At altitudas guysate~ than 160, 000 £t the local pressure is less than
C Of atm; undee these condiilons, the rotaticnal lines of NO 3 Afe not
expected to uverlap appreciably Recauwsa of ths complux band structure
of asymmetric polyatomic malecuizr such as NO 2 it may be conven-ent
to use the statisiical model develuped by Mauy "17‘ and Gouody. 28)
Accocding to thin model. the mean embsnivity € (ura ban:;;lt;rmdam.

Iy disteibuted linas having the anine intsgrated intensity 5! and a

resonance contour with a half-width b, s given by

£€- i-rlp{-égﬁg f"‘;l.‘ t30)

is




B

=
=
E
E
:—;

0"3

W g
N N | P,
s -« is;fv ~ut L'iiz; -4 4, e

and x - B8/2-b  The paramnctrr L rifors 1o the wwan apat ing betiseun

Haes  For 5XK/2¢h << !, the mean waanivily reduces to

f..,;l,._;p_,_'g.'_'{ :j& 13
& 3

siace 2nb/ Y for the specified altituds == xe"

We shall now appiy £q. .31 to the emnission from HOZ in the upper
atmosphrte. The resulty ara considerably simplift 2 by identifylng 3‘

in the uvual mianer, viz .

8
- A S (323
i 'Ei' f.

whorze Ouw, is the affeitive band width for the ith bard  Substituting Fq.
52 into Eq 30) given |

- ¢ix
i Bl (3
|

All of the parameters on tar Tight -hand side of Eq. 13} hiva been
measured or can be estimated {ur the tan atrongest infra-ed bands of
NO,, and henca the maan emiastvities Jor these bands may be calculated
at arbitracy optical depthis Lt un now examise undor what soaditions

"he basic inequality

1‘?5- <<}

holde foc NO e Replacing S‘ accerding tc Fq 42 we oblain

? Equation {33) may ba eltained divestly lrom Kq (49, by aveuming that
the amitter radliates llke 4 teansparent gaa .

+ L3N

o N
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Fo  1he bands under conalderation o /dw x10 ltlﬁ‘ S;Ié'rb* 2210 at
high aliitudon  Hence we find the inequailty to be rativfied for optical
dapiha X - < 10°% crn-atin  Becauds of the very low concentrations of NO,
in the upper atmonphere this last conditing may well ba satisfied par-
Hiwta 1y «iace ile NO, bas nur been obeexved spaciroscapis ally ¥ NO,
ronatitnics lnss than onc part in i07 of the atmosphers at & total pressure of
KO"" atm. then the NOz will emit lik= & transpa-ont gas for path langthe
as lung a» 100 km

For terape catuzes other than those at which measurements are

avaitabls. on¢ may extzapolats o and i‘\ui by using the relatinns ‘see
Ref. 1}, p 322)

1/2 ¥T) - - -
) R ] . e, T
éb“s T - -5(.4- !‘o.%—_"ro ' M ai T ﬂi [y ‘-ur -

Tha coginrering *minsivity may be calculated from the relation

;»:x---i-‘ Sqi:”ia"au. L3854
- s . i
oT { i
whete we sum aver ail bands belunging to NOz in Eq ‘15) the paranwter
J is the Stefan-Yolt2ivun constant giud 9.‘; is the ~pcct-al blackbody -
i
rxdi ey v sl sied AL the conter of the ith band o
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Plats of l..og!o:l:' 2 l:': ar a Function of Wave Numbsr for Gageous
NO, and 1,0 4 Combination Bacds 3t Yarious Optical Depths sad in

the Temgerature Range 50 to 100°C
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APPENLL

Plots of Liarar Abrornticn Coeificient as « Function of

Wave Nurmbe.- for L. quid N!'O.‘ Combiuation t3ards 1n the

Temperatute Range 25 to0 100°C
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